The genomes of bacteriophages T4 and RB69 are phylogenetically related but diverge in nucleotide sequence at many loci and are incompatible with each other in vivo. We describe here the biological implications of divergence in a genomic segment that encodes four essential DNA replication proteins: gp45 (sliding clamp), gp44/62 complex (clamp loader), and gp46 (a recombination protein). We have cloned, sequenced, and expressed several overlapping segments of the RB69 gene 46-45.2-(rpbA)-45-44-62 cluster and compared its features to those of the homologous gene cluster from T4. The deduced primary structures of all four RB69 replication proteins and gp45.2 from this cluster are very similar (80 to 95% similarity) to those of their respective T4 homologs. In contrast, the rpbA region (which encodes a nonessential protein in T4) is highly diverged (ϳ49% similarity) between the two phage genomes and does not encode protein in RB69. Expression studies and patterns of high divergence of intercistronic nucleotide sequences of this cluster suggest that T4 and RB69 evolved similar transcriptional and translational control strategies for the cistrons contained therein, but with different specificities. In plasmid-phage complementation assays, we show that posttranslationally, RB69 and T4 homologs of gp45 and the gp44/62 complex can be effectively exchanged between the two phage replicase assemblies; however, we also show results which suggest that mixed clamp loader complexes consisting of T4 gp62 and RB69 gp44 subunits are not active for phage DNA replication. Thus, specificity of the gp44-gp62 interaction in the clamp loader marks a point of departure between the T4 and RB69 replication systems.
The DNA replicase of bacteriophage T4 is a loosely assembled multiprotein complex that is comparable in composition to the replicases of bacteria and humans (15, 20, 26) . Among its components are a DNA polymerase (gp43), product of phage gene 43, a sliding clamp (gp45), a clamp loader (gp44/62 complex), a single-stranded DNA-binding protein (Ssb, gp32), a primase (gp61)-helicase (gp41) complex, a helicase-primase assembly factor (gp59), RNase H (gprnh), DNA ligase (gp30), and probably other proteins. The sliding clamp in the T4 replicase is a gp45 trimer, and the clamp loader is a heteromeric complex consisting of four gp44 subunits and one gp62 subunit that are tightly bound together (11) . In addition to their essential roles as accessory proteins to DNA polymerase, gp45 and the gp44/62 complex interact with the T4-modified transcriptional machinery of the Escherichia coli host and are required for the coupling of phage DNA replication to transcription during the late stages of phage development (28, 36) .
In previous studies, we observed that gp43 of phage RB69, a distant phylogenetic relative of T4, diverges from its T4 gp43 homolog at several segments of the primary structure (34) . We also observed that despite their divergence (74% amino acid similarity overall), RB69 gp43 (when produced by a plasmid) can substitute effectively for the T4 polymerase in a T4 infection, where the replicase complex consists mostly of T4-induced proteins (3, 34) . In contrast, T4 gp43 is less effective as a substitute for RB69 gp43 in RB69 DNA replication (34) . These observations have suggested that some of the specificity determinants for interactions among phage replication proteins are not identical for the T4 and RB69 DNA replicases. Identification of incompatibilities between T4-and RB69-encoded proteins could help localize sites of specific proteinprotein interactions and delineate points of departure between genomic specificities of these two phylogenetically related but distinct phage replication systems.
We describe here an analysis of the RB69 homolog of the T4 gene 46-45. 2-rpbA-45-44-62 cluster, which encodes, in addition to the gp45-gp44-gp62 group, another essential replication protein, gp46 (possibly a nuclease [5] ), a nonessential RNA polymerase-binding protein (RpbA) (35) , and a protein of unknown function, gp45.2 (9) . The T4 cluster is also known to harbor several transcriptional and posttranscriptional control signals that regulate biosynthesis of the DNA polymerase accessory proteins (6, 8) . Our results here indicate that the primary structures of genes 46, 45, 44, and 62 and their protein products are all highly conserved between T4 and RB69. Gene 45.2 is also highly conserved, which may mean that its protein product is essential in both phage systems. In contrast, the rpbA region is highly diverged between T4 and RB69 and lacks an open reading frame in RB69. Expression studies and examination of nucleotide sequences of untranslated intercistronic regions suggest that T4 and RB69 utilize similar posttranscriptional and transcriptional strategies to control genes 45, 44, and 62; however, the specificities of the control processes are different between the two phage systems. Also, in plasmidphage complementation assays, we observed that the T4 and RB69 homologs of gp45 and the gp44/62 complex can be functionally exchanged between the two phage replication systems; however, T4 gp62 and RB69 gp44 were not functionally compatible with each other in these assays. Functional incompat-ibility between clamp loader subunits from the two phylogenetic phage relatives signifies a divergence in the specificities of their DNA replicases. Bacterial, phage, and plasmid strains. The E. coli strains and methods used for preparing phage stocks, transforming cells with plasmids, and measuring plasmid-mediated or phage-induced gene expression were the same as those used in other work (32) . T4 and RB69 amber mutants and RB69 wild-type phage were obtained from W. B. Wood's collection (University of Colorado). The T4 strain used as the "wild-type" standard has been maintained in this laboratory (8) .
MATERIALS AND METHODS

Materials
Plasmids pSP72 and pSP73 (Promega Corp., Madison, Wis.) carry multicloning sites bracketed by T7 and SP6 promoters. They were used to clone DNA fragments for in vitro transcriptions and preparation of radiolabeled RNA probes (riboprobes) as previously described (34) . The pGWM1, pLY900, and pLY965 cloning vectors that were used for plasmid-mediated expression of cloned T4 and RB69 genes were derived from the cI857pLN-derived expression vector pGW7, which had been constructed and given to us by Geoff Wilson (8, 16, 37) . These plasmids allow expression of cloned genes after heat inactivation (at 42°C) of the vector-encoded cI857 repressor. The pGWM1 vector is identical to pGW7 except that it carries an XhoI site in place of pGW7's SphI site. The pLY900 vector was derived from pGWM1 by inserting the multicloning site of pSP72 (from the BglII to the XhoI sites) into the BamHI-to-XhoI interval of pGWM1. The pLY965 vector (derived from pLY900) lacks the HpaI-to-EcoRV DNA interval of pLY900; i.e., pLY965 is deleted for much of the N gene whereas pLY900 possesses this transcription antitermination gene function.
Screening for gene 45, 44, and 62 sequences in an RB69 genomic library. The methods for constructing and screening the ZAPII RB69 genomic library used here have been described elsewhere (34) . Figure 1 shows maps of the T4 and RB69 gene 46-43 clusters and diagrams of the approach that we used to retrieve and subclone RB69 DNA fragments containing genes 45, 44, and 62. Several ZAPII recombinants containing at least portions of these genes were initially identified by screening the library with a 32 P-labeled riboprobe made by in vitro transcription of a cloned internal SspI fragment from the neighboring RB69 gene 43 (SP101 probe [ Fig. 1]) . These clones were sequenced, and those containing RB69 genes 44, 62, and regA in addition to at least portions of genes 45 and 43 were used for further studies. Based on sequence information obtained directly from the ZAPII clones, either specific segments of the ZAPII recombinants were subcloned directly or their counterparts were amplified by PCR from purified phage DNA and then subcloned in T7 expression vectors for the preparation of other riboprobes that were used in additional library screening. The studies reported here used mostly pSP72 recombinants expressing the PBY16 and SPR45-5 DNA segments (diagrammed in Fig. 1 ) for synthesizing hybridization riboprobes.
PCR. PCR amplifications were carried out in 100 l of reaction mixtures containing 500 nM each of the two primers used, 0.046 nM RB69 genomic DNA, 0.4 mg of bovine serum albumin (New England Biolabs) per ml, 1.5 mM each dGTP and dCTP, 2 mM each dATP and dTTP, and 4 U of Vent DNA polymerase. The reaction buffer contained 10 mM KCl, 20 mM Tris-Cl (pH 8.8 at 25°C), 10 mM (NH 4 ) 2 SO 4 , 6 mM MgSO 4 , and 0.1% Triton X-100. Reactions were carried out in a model 9600 or 2400 Perkin-Elmer GeneAmp PCR system and begun with incubations at 94°C (5 min) followed by 25 cycles of 94°C for 45 s, 48°C for 45 s, and 72°C for 60 s to 2 min. These conditions were particularly suitable for amplifying desired DNA segments from the AT-rich genomes of T4 and RB69. PCR products were subsequently digested with the appropriate restriction endonucleases and cloned into the desired vectors for sequencing or expression studies.
Isolation of RB69 genomic DNA. RB69 DNA was isolated from enriched Hershey agar (EHA) plate lysates (2,000 to 5,000 plaques/100-mm-diameter petri dish) of wild-type or mutant RB69 phage. The lysed lawn from each plating was harvested into 4 ml of chloroform-saturated M9 buffer (42 mM Na 2 HPO 4 , 22 mM KH 2 PO 4 , 19 mM NH 4 Cl, 9 mM NaCl, 1 M FeCl 3 , 1 mM MgCl 2 , 0.001% gelatin) and stored in a refrigerator for several hours. Cell debris and agar were then removed by centrifugation at 9,600 ϫ g (10 min) in the cold, and the supernatant was treated with DNase I (2 g/ml) and RNase A (2 g/ml) for 1 h. The phage was then precipitated in 10% polyethylene glycol 6000 at 1 M NaCl and resuspended in 10 mM Tris (pH 7.4)-0.2 M MgCl 2 buffer. Excess polyethylene glycol 6000 was removed by extraction with chloroform. To isolate phage DNA, the purified RB69 preparation was treated with proteinase K (50 g/ml) and sodium dodecyl sulfate (SDS; 0.5%, final concentration) at 65°C for about 2 h. This mixture was then extracted with phenol and phenol-chloroform (1:1) before the DNA was precipitated by the addition of 0.1 volume of 3 M sodium acetate and 4 volumes of 100% ethanol (Ϫ20°C). DNA fibers were spooled out of the ethanol solution, rinsed twice in tubes containing cold 70% ethanol, transferred to a microcentrifuge tube, dried under vacuum, and redissolved at an A 260 of ϳ10 for use without further purification. Lysates and DNA from wildtype and mutant T4 strains were similarly prepared, except that yields were higher than with RB69.
Burst size measurements. In the plasmid-phage complementation assays for Fig. 7 , the T4 and RB69 genes of interest were cloned under T7 promoter control in pSP72 or pSP73 and their complementing activities were measured as previously described for the polymerase genes of these phages (34) . Briefly, E. coli BL21(DE3) cells harboring the plasmid-borne wild-type T4 or RB69 gene(s) under study were grown to 3 ϫ 10 8 /ml in M9S medium and infected at 30°C by using 0.1 volume of the phage mutant to be complemented (multiplicity of infection of 0.1). At 20 min postinfection, samples were removed and plated on the permissive host (E. coli CR63/5) for the phage mutant to measure infective centers (transmission coefficients). The remainder of the culture was aerated for 100 min before being lysed with chloroform and assayed for phage yield on E. coli CR63/5. We define burst size as the phage yield per average infective center titer obtained with a wild-type phage control, which was assumed to yield 100% transmission.
Cloning of T4 and RB69 genes in expression vectors. The DNA regions encompassing genes 45, 44, and 62 of T4 and RB69 were PCR amplified by using FIG. 1. Diagrammatic representation of ZAPII genomic library screening for RB69 DNA fragments (A) and partial restriction maps of the gene 46-43 regions of T4 and RB69 (B). Endonucleases DraI and SspI were used in the preparation of the ZAPII library (34) . The solid horizontal bars designated PBS3K1, SP101, and SPR45-5 (A) represent 32 P-labeled riboprobes that were used to identify recombinant plasmids carrying the DNA fragments PBY16, PBS3, and LY6, respectively (see Materials and Methods). The SP101 probe corresponds to an internal SspI fragment of RB69 gene 43, PBS3K1 corresponds to a KpnI deletion of PBS3, and SPR45-5 corresponds to a 3Ј-terminal gene 45 segment that was generated from purified RB69 phage DNA by PCR amplification. ƒ in panel A denotes a terminal deletion for the respective gene. Restriction site abbreviations in panel B: H, HindIII; Sa, SalI; Sc, SacI; P, PstI.
either purified phage DNA or plaque suspensions (2) as the source of template. The amplified DNA fragments were purified by elution from agarose gels after electrophoresis and digested with the appropriate restriction enzymes for insertion into the pL plasmid expression vectors pLY900 (cI857pLN) and pLY965 (cI857pL), and the recombinant plasmids were propagated in E. coli CAJ70. Integrity of the T4 and RB69 DNA inserts in the plasmid vectors was confirmed by DNA sequencing and plasmid-phage complementation assays. In measurements of plasmid-mediated expression of cloned genes, cultures of plasmidbearing cells were grown at 30°C to 5 ϫ 10 8 cells/ml and then shifted to 42°C and aerated either for 10 min ( (Fig. 5 ) at 42°C. Cells were subsequently harvested from the cultures and extracts prepared for SDSpolyacrylamide gel electrophoresis (PAGE) analysis as described previously (14) .
Nucleotide sequence accession number. The primary structure of RB69 gene 46 as well as the other RB69 genomic sequences reported here may be obtained from GenBank (accession number AF039565) or the corresponding author.
RESULTS
Overview of the RB69 gene 46-43 cluster. Previous studies had determined the nucleotide sequences of RB69 genes 43 (34) and regA (12) , as well as the regA-43 intercistronic region (30, 32) . The work described here extended analysis of the RB69 genome to include the ϳ5-kb chromosomal segment directly upstream of the regA cistron and established that RB69 and T4 have the same genetic order for homologous cistrons of the gene 46-43 cluster ( Fig. 1 ; see also reference 8). Table 1 provides a summary of the patterns of nucleotide and amino acid sequence conservation and divergence for the RB69 and T4 gene 46-43 clusters and their protein products, and the results to be described below provide a closer view of the nature, distribution, and biological consequences of the divergences.
The RB69 gene 46-45 region. RB69 genomic library screening yielded one clone, pLY6 (Fig. 1) , that contained most of gene 46 in addition to the ϳ3-kb DNA segment directly to its downstream. The LY6 DNA insert and PCR-generated facsimiles amplified from purified RB69 phage DNA were sequenced to obtain information about similarities to the corresponding genomic region from T4. A comparison between the deduced primary structures of RB69 gp46 and its T4 counterpart indicated that the two proteins are identical or similar at ϳ91% of amino acid positions ( Figure 2 compares the T4 and RB69 nucleotide sequences for the chromosomal region between genes 46 and 45. The RB69 sequence shown is based on examination of both ZAPII library DNA and DNA amplified directly from RB69 phage. In T4, this region encodes the RNA polymerase-binding protein RpbA and is also presumed to encode gp45.2, a protein of unknown function whose existence has been inferred from results of plasmid-mediated expression of the T4 region (9) . The nucleotide sequence alignments shown in Fig.  2 suggest that gp45.2 is highly conserved between T4 and RB69 (ϳ84% amino acid similarity [ Table 1] ). In contrast, the RpbA protein, which is known to be nonessential (although abundantly produced) in T4, appears to have vanished during the evolution of RB69. Interestingly, the rpbA regions of T4 and RB69 are similar to each other in size, suggesting that spacing of the interval between genes 46 and 45.2 may be important for expression of phage genes in this region of the genome. In Fig.  2 , it is also interesting that the nucleotide sequence to the upstream of gene 45 does not harbor any recognizable T4-like MotA promoter sequence elements at positions where the existence of such promoters in T4 has been confirmed (6, 8) . Figure 3 shows an alignment of the deduced primary structures of the T4 and RB69 gene 45 proteins based on determination of nucleotide sequences of ZAPII recombinants and PCR-amplified T4 and RB69 phage DNA segments. The two gp45 phylogenetic variants are ϳ85% similar (Table 1) , with most of their differences appearing in clusters of amino acid sequence. In contrast, as shown in Fig. 4A , the untranslated region between genes 45 and 44 (IC45-44 [ Table 1 ]) exhibits a high degree of divergence between the genomes of the two phages, both in size and in nucleotide sequence, suggesting that gene 44 expression may be regulated differently in the two phages. In particular, as Fig.  4A depicts, the RB69 IC45-44 region harbors an RNA hairpin structure of different nucleotide sequence from the hairpin that has been implicated in transcription termination in the T4 IC45-44 region (8) .
RB69 gene 45 and transcription termination in the gene
45-44 intercistronic region (IC45-44).
The results in Fig. 4B compare expression of the T4 and RB69 gene 45-44-62 subclusters under conditions of transcription termination (pL plasmid) versus transcription antitermination (pLN plasmid). We observed that with DNA from either phage, the overall level of expression of gene 44 (measured as gp44 synthesis) by the pL plasmid was lower than g45 ...................................................................................... -44 .............................................................................. g44 ...................................................................................... ...................................................................................... ................................................................................... -43 ........................................................................... g43 ...................................................................................... a Based on the results presented in Fig. 2 to 6 of this report as well as results from other work (see text for references). Note that the rpbA region, which encodes RpbA protein in T4, is presented as an intercistronic region in RB69 (IC46-45.2) since no open reading frame longer than 38 amino acids could be predicted for this region from the nucleotide sequence of this phage (see also Fig. 1 and 3) .
that with the pLN plasmid, i.e., six-to eightfold with T4 DNA and two-to threefold with RB69 DNA. Measurements based on gp62 synthesis in these experiments were not reliable due to low levels of synthesis of this protein and its poor resolution in some gel assays. Based on these observations, we suspect that the IC45-44 regions of both T4 and RB69 harbor transcription termination signals but that the nucleotide sequences (and perhaps efficiencies) of these signals are different from each other. We should also point out that although the T4 and RB69 gene 44 translation initiation regions appear to be very similar to each other in nucleotide sequence (Fig. 4A) , they differ at several nucleotide positions. It is not yet known if these regions have quantitatively different efficiencies of translation initiation.
RB69 genes 44 and 62. In T4, genes 44 and 62 are known to be translationally coupled (13) , and it has been suggested that 
FIG. 3.
Comparison between the primary structures of RB69 gp45 and T4 gp45. The amino acid sequence alignment shown is based on determination of the nucleotide sequences for the two respective genes (Materials and Methods; see also references 7 and 24 for the T4 sequence). Also shown are locations of several T4 and RB69 gp45 mutations (darkened sites) that have been sequenced at the nucleotide level (see also reference 7): L159 (a temperature-sensitive mutant) and amE10 are from W. B. Wood's collection, the TH mutants are temperature-sensitive mutants isolated by Hsu (7), Gly26 is a mutational hotspot (7), and A76 and P73 are tabB mutants (19) . The graphic below the primary structures depicts distribution of amino acid (a.a.) identity (black segments) between the two homologous proteins, with unfilled sectors marking nonidentical positions (see also Table 1 ). Note that the T4 gene 45 sequence shown here is a corrected version of the sequence reported in reference 24 (GenBank accession no. M10160).
the coupling involves an RNA hairpin structure at the gene 44-62 juncture (29) . An inspection of the RB69 nucleotide sequence at this juncture (Fig. 5A) suggests that no such RNA structure exists in RB69. Yet, as shown in Fig. 5B , amber mutations in gene 44 are polar on gp62 biosynthesis in both RB69 and T4. Thus, one need not invoke the involvement of RNA secondary structure in the mechanism of gp44-gp62 translational coupling.
Species specificity of the polymerase accessory proteins. As shown in Fig. 6 , the deduced primary structures of RB69 gp44 and gp62 are very similar to those of their T4 counterparts, with differences appearing in clusters of amino acid sequence in both cases. In previous studies, we had observed that the more highly diverged DNA polymerases (gp43s) of these two phages (ϳ74% similar [ Table 1 ]) can partially substitute for each other in phage-plasmid complementation assays (34) .   FIG. 4 . The IC45-44 regions of T4 and RB69 (A) and plasmid-mediated expression of genes 45, 44, and 62 (B). The T4 sequence has been reported previously (23) (24) (25) ; see also reference 8). The RB69 sequence was obtained from four different subclones that were derived from the RB69 ZAPII genomic library and confirmed by determinations on independent clones that were obtained after PCR amplification of genomic DNA. The alignment shown in panel A was purposely configured to depict the highest degree of similarity (51% [Table 1 ]) between the two sequences. Note that the two intercistronic regions differ in size (50 bp for T4 and 75 bp for RB69). The grey-shaded sequences constitute parts of open reading frames. The black-shaded sequences (underlined by arrows) constitute the stem portions of predicted mRNA secondary structures. The T4 RNA structure functions as part of a transcription termination signal (8) . In the experiment for panel B, comparable DNA segments from the T4 and RB69 genomes were inserted in pLN and pL vectors and then introduced into E. coli NapIV for measurements of gene expression as described in Materials and Methods. The arrows on the SDS-PAGE autoradiogram indicate positions of the 35 S-labeled plasmid-derived phage proteins. A 7.5%-10%-12.5% step gradient gel was used. for genes 44 and 62, which are separated by one base pair at the g44-62 junctures of both T4 and RB69. The nucleotide sequence alignment shown is based on analysis of RB69 DNA clones derived from the ZAPII genomic library as well as PCR-amplified RB69 genomic fragments. The horizontal arrows underline the stem segment of a putative mRNA structure that has been suggested to play a role in translational coupling of gp62 to gp44 synthesis in T4 (29) . No such structure can be predicted for RB69. (B) Results of plasmid-mediated expression of comparable genomic segments encompassing the gene 45-62 intervals from T4 mutant 44amN82 and RB69 mutant 44am51. The desired DNA segments were PCR amplified from the respective phage mutants as well as wild-type strains and cloned in pLN vector, and their plasmid-mediated expression was subsequently analyzed in E. coli CAJ70 as described in Materials and Methods. The short arrows mark the positions of gp45, gp44, and gp62 bands on the SDS-PAGE autoradiogram (10% gel) from the experiment; dots mark the positions of gp44 amber fragments. Note that expression of gene 62 (from either T4 or RB69) is lower when DNA from gene 44 amber mutants is used than with DNA carrying the wild-type gene 44 alleles.
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Here, we examined whether the more highly conserved polymerase accessory proteins can also be exchanged between the T4 and RB69 replication systems. Figure 7 shows some results of plasmid-phage complementation assays that measured compatibilities between the RB69 and T4 gene products. Although protein amounts could not be quantitated in such assays, the results suggest that gp45 and the gp44/62 complex can indeed be functionally exchanged between T4 and RB69; however, as with gp43, we did observe preferences by the gene functions to support replication of the genomes from which they originated (Fig. 7A) . Individually, gp44 and gp62 exhibited even more striking species specificity. That is, a phage-derived T4 gp62 failed to function (0 to 10% biological activity) with plasmidderived RB69 gp44 (compare T4 44 infections of pRB69g44-bearing cells in Fig. 7C ; also compare RB69 44 ϩ 62 Ϫ infections of pRB69g62-bearing and pT4g62-bearing cells in Fig. 7C ). The reciprocal combination (i.e., RB69 gene 62 with T4 gene 44) functioned well (compare T4 44 Ϫ 62 ϩ and RB69 44 Ϫ 62 ϩ infections of pT4g44-bearing cells in Fig. 7C ; also, note the results with T4 44 ϩ 62 Ϫ infection of pRB69g62-bearing cells in Fig. 7C ). We should also mention that T4 44amN82, the gene 44 amber mutant used in the experiment for Fig. 7 , synthesizes reduced levels of gp62 due to polar effects of the amber mutation (13) . Polarity may have caused decreases in burst size in infections of pT4g44-bearing cells with T4 44
ϩ phage (i.e., values in Fig. 7C ). We also observed that a plasmid-expressed RB69 gene 44 inhibited growth of an infecting wild-type T4 phage (T4 wt infection of pRB69g44-bearing cells [ Fig. 7B]) . This observation may mean that performed RB69 gp44 (pRB69g44 expression) can form gp44/62 complexes with phage-derived T4 gp62 and that inhibition results from competition for T4 gp62 between the T4 and RB69 gp44 homologs; however, other explanations are also possible.
DISCUSSION
The T4 genomic region that specifies DNA polymerase and the DNA polymerase accessory proteins (T4 gene 46-43 cluster [ Fig. 1] ) is known to include three types of genetic elements: structural genes for essential replication proteins (gp46, gp45, gp44/62, and gp43), structural genes for seemingly nonessential regulatory proteins (RpbA and RegA), and untranslated intercistronic nucleotide sequences that harbor signals for transcriptional and posttranscriptional regulation of the structural genes (8) . In addition, the T4 gene 46-43 cluster contains the open reading frame for a protein of unknown function, gp45.2, which has been detected in experiments involving plasmid- FIG. 6 . Alignment of the deduced primary structures of the T4 and RB69 counterparts of gp44 and gp62. The boxed region in the gp44 panel marks the putative ATP-binding site of these proteins (25) . The graphics below the primary structures depict distribution of amino acid identities between each pair of homologous proteins (Table 1) . Also shown are the locations of gp44 and gp62 chain termination mutations that were sequenced (at the nucleotide level) in this work (T4 44amE4408, RB69 44am51, T4 62amE1140 and RB69 62am85) or previously by Hsu (7), i.e., T4 44amN82 and T4 44amB110. The mutant 44amB110, previously classified as tsB110 (4), forms small plaques at 30°C and no plaques at 42°C on sup°hosts. mediated expression of the cloned putative T4 gene (9) . T4 gp45.2 has not been visualized in extracts of phage-infected cells, and no T4 gene 45.2 mutants have yet been described; however, transcripts of the gene 45.2 region can be detected in extracts of T4-infected cells and belong to a subclass of prereplicative RNAs that are subject to cleavage (and probably inactivation) by a nonessential T4-induced RNase (9, 21, 31) . The processing enzyme, termed RegB protein, is stimulated by host ribosomal protein S1 and cleaves several T4-induced RNAs at GGAG sequences in untranslated initiation regions as well as some translated sites (22) . Considering the high degree of conservation of the gene 45.2 sequence between T4 and RB69 (Table 1) , we suspect that gp45.2 plays an essential role in propagation of both phage strains; however, this remains to be shown. In contrast, the T4 rpbA gene product has been shown to be nonessential for T4 growth in E. coli (35) , and we are not surprised by its extinction during evolution of phage RB69. Maintenance of an RpbA function in T4 may have been associated with a requirement for this RNA polymerase-binding protein in certain natural hosts for T4 phage that are not shared by RB69.
It is obvious from our results that signals for quantitative regulation of essential phage replication proteins from the gene 46-43 cluster have been more prone to evolutionary divergence than have sites that determine the quality (structure) of these proteins ( Table 1) . Results of the T4-RB69 comparisons reported here and previously by Wang et al. (32, 34) probably demonstrate a common phenomenon in biology that regulatory sites and substances are designed to allow for wide variations in gene product dosage without causing adverse effects on organismal survival. For example, in the T4 system, differential overproduction of DNA polymerase by translational-operator-constitutive mutations (1, 30) or polymerase accessory proteins by regA mutations (14) is consistent with normal levels of DNA replication and phage production. That is, although the maintenance of regulated gene expression may have been essential for natural selection of the T4 and RB69 genomes, the precise titration of dosage of phage-induced replication proteins does not appear to be critical for assembly of functional phage DNA replication complexes.
Based on nucleotide sequence comparisons and results of expression studies, we can surmise that T4 and RB69 evolved different specificities of transcriptional control for the gp45-gp44-gp62 group and different levels of synthesis of these polymerase accessory proteins. We have noted that the T4 and RB69 IC45-44 regions both harbor RNA hairpin structures but that these hairpins are formed from different nucleotide sequences. In T4, RNA end mapping assays as well as expression studies have implicated the IC45-44 hairpin in transcription termination (8) . The results reported here suggest that RB69 also terminates transcription in this region but by utilizing a signal different from that used by T4. Also, RB69 appears to lack T4-like MotA-dependent (middle-mode) transcription initiation sequences (27) upstream of genes 45.2 and 45 (Fig.  2) , and so it is unclear if this phage possesses any MotA-like function or has evolved a different type of protein-DNA recognition specificity for initiating middle-mode transcription. In regard to posttranscriptional events, it also remains to be determined if T4 and RB69 have similar RNA processing activities for transcripts of this gene cluster (8) and if the two phage systems utilize such processing as well as translational repression (by their respective RegA proteins) to regulate molar ratios of the clamp loader and sliding-clamp proteins in infected cells. We have observed some nucleotide sequence differences between the known RegA-binding sites (translational operators) for T4 genes 45 and 44 (17) and the putative corresponding sites in RB69 (Fig. 4) , and it will be interesting to find out if these differences reflect a divergence in RegA pro- 4 and ϳ10 7 /ml, respectively. Numbers shown in parentheses in the "Relative burst size" blocks are the actual bursts corresponding to the 1.0 reference values for the pairs of infections compared. Note that although the T4 and RB69 counterparts of gp45 and the gp44/62 complex can exchange effectively, with some preferences by the gene functions to support replication of the phage from which they originated (values in panel A), the gp44(RB69)/gp62(T4) combination is largely inactive for phage replication (C). Also note that plasmidexpressed wild-type (wt) RB69 gene 44 is inhibitory to replication of wild-type T4 (T4 wt phage on pRB69g44-bearing host [B] ).
tein specificity between the two phages. A difference in RNAbinding specificities has been observed between the DNA polymerases of these phages (32) .
We are particularly intrigued by the RB69-T4 divergence that we see on both sides of the translated gene 44-62 juncture. At the nucleotide sequence level, the differences predict that contiguity of the two cistrons is encompassed in an RNA secondary structure in the T4 but not the RB69 transcript ( Fig. 5 ; see also reference 29). Since translational coupling of gp62 to gp44 synthesis can be demonstrated to occur in both phage systems, we conclude that RNA secondary structure is not a necessary component of the coupling mechanism between these two contiguous cistrons. Rather, a weak translation initiation site for gene 62 and close proximity of, and overlap with, the gene 44 termination region are probably the major determinants of the coupling. In addition, we suggest that translational coupling of these two cistrons was conserved in evolution, despite RNA sequence divergence, because it provided the advantage of smaller diffusion distances between gp44 and gp62 during assembly of gp44/62 complexes. Possibly, gp62 is captured by gp44 tetramers soon after translation is initiated at the gene 62 segment of the polycistronic message. In addition, translational coupling appears to be a determinant of the final gp44/gp62 ratio in the clamp loader (13) , which may be another indication of cotranslational control of gp44/62 complex assembly.
We have also examined the patterns of primary structure conservation versus divergence between T4 and RB69 homologs of the replication proteins for indicators of structurefunction relationships and clues to determinants of specificities of interactions among these proteins. For example, in previous work, we recognized that modular structure of the multifunctional T4 DNA polymerase is reflected in distribution of dissimilar segments of amino acid sequence between the T4 and RB69 gp43 variants (33, 34) . Linear segments of gp43 that bear determinants for essential catalytic functions and interactions are very highly conserved (32) and probably underlie the abilities of the T4 and RB69 enzymes to partially substitute for each other in plasmid-phage complementation assays (34) . The polymerase accessory proteins are more highly conserved than the polymerase, although here also, primary structure differences between T4 and RB69 homologs appear to occur nonrandomly ( Fig. 3 and 6 ). At least some of the differences between accessory protein homologs are related to a divergence in their biological specificities. In particular, results of our plasmid-phage complementation assays suggest that T4 gp62 and RB69 gp44 can form a gp44/62 complex but that the complex is inactive for phage DNA replication (Fig. 7) . It is known that gp62 is indispensable in phage replication and that it stimulates a DNA-dependent ATPase activity that is intrinsic to the gp44 component of the gp44/62 complex (23) . Additional stimulation of the ATPase is achieved via interaction of the gp44/62 complex with gp45, i.e., during the clamp-loading event (10, 23 
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Ϫ mutants only very poorly and that isolated gp44(RB69)/gp62(T4) complexes from these clones exhibit very low ATPase activity in vitro (unpublished results). Functional incompatibility between T4 gp62 and RB69 gp44 would suggest that the sites for mutual recognition between the two types of subunits of the clamp loader have coevolved in each phage system to maintain not only specific binding between the two proteins but also formation of the appropriate final quarternary structure required for biological activity of the heteromeric complex. Since most of the differences between the gp44 and gp62 homologs studied here occur in clusters of primary structure, it may be possible to localize the amino acid determinants for specificity of the gp44-gp62 interaction via the construction of RB69-T4 chimeras of each of these two proteins. Such an approach has helped localize some of the RNAbinding specificity determinants of gp43 (32) . The identification of specificity differences and incompatibilities between other phylogenetic variants of DNA replication proteins encoded by phages of the T4 morphotype (18) would facilitate analysis of structure and assembly of the DNA replicase, as well as other multiprotein complexes of this group of DNA viruses.
